With the rapid development of urban rail transit, the phenomenon of outburst passenger flows flocking to stations is occurring much more frequently. Passenger flow control is one of the main methods used to ensure passengers' safety. While most previous studies have only focused on control measures inside the target station, ignoring the collaboration between stops, this paper puts emphasis on joint passenger control methods during the occurrence of large passenger flows. To provide a theoretic description for the problem under consideration, an integer programming model is built, based on the analysis of passenger delay and the processes by which passengers alight and board. Taking average passenger delay as the objective, the proposed model aims to disperse the pressure of oversaturated stations into others, achieving the optimal state for the entire line. The model is verified using a case study and the results show that restricted access measures taken collaboratively by stations produce less delay and faster evacuation. Finally, a sensitivity analysis is conducted, from which we find that the departure interval and maximum conveying capacity of the train affect passenger delay markedly in the process of passenger control and infer that control measures should be taken at stations near to the one experiencing an emergency.
Introduction
Congestion problems in China's large cities have created an urgent need for the construction and expansion of the metro system. However, in some exceptional circumstances (such as in peak hours or with a large increase, or outburst, of passenger flow), passenger pressure exceeds the range that the facilities can bear. Mass passenger flow brings about an increase in safety risks, a reduction in passenger comfort, and the extension of travel times. As a result, many researchers have focused on the study of large passenger flows.
Studies of pedestrian characteristics in crowded situations are important for research on passenger evacuation. In fact, such research has always paid attention to the simulation of pedestrians' microscopic behavior. Cheung and Lam researched pedestrian flow characteristics [1] , route choice [2] , and simulation models in MTR (mass transit railway) stations in Hong Kong [3] . Harris improved the microtrips model to simulate passenger behavior in urban rail stations in London [4] , and then created the SCM (station congestion model) to simulate the effects of passenger delays on a variety of station facilities. Daamen and Hoogendoorn constructed the software NOMAD for microscopic model simulation capable of predicting the impact of facility properties on passenger volumes, travel times, and waiting times at stations [5] . Mahudin et al. described the development of an instrument that could capture the dimensionality of rail passenger crowding and its relationship to the experience of stress and feelings of exhaustion [6] . There have also been some other studies of pedestrians' microscopic behavior [7, 8] .
When considering the impact of a large passenger flow on an urban rail station, the alighting and boarding processes of passengers should not be ignored. Many metro stations have been suffering from high levels of pedestrian density of late [9] . Several statistical analyses of accident data, performed in China, Europe, and the United States [10] [11] [12] [13] , show that many injuries occur in the boarding and alighting processes. Exiting studies about these processes in urban rail stations have focused on observation and modeling. Heinz measured the alighting and boarding times for different trains [14] . Xu and Wu developed velocity-density mathematical models for Shanghai metro stations [15] . Furthermore, a three-layer architecture-adaptive agent model was proposed by Xu Qi to simulate passengers' microscopic behaviors in complex passenger flow on an urban rail transit platform [16] . All these studies are theoretically enlightening for the solving of problems relating to mass passenger flow. In practice, to prevent the occurrence of safety accidents, many measures have been taken, such as the adjustment of the stop-schedule plan, changes in the train routing scheme, and the control of passenger flow [17] . Among these measures, passenger flow control serves as the main method, one which sacrifices the station service level to ensure security. Thus, flow-limiting measures are temporarily taken in these oversaturated rail transit stations to avoid the excessive pressure caused by large passenger flows. Most studies have focused on control measures only for oversaturated stations. For example, Bauer et al. conducted a simulation of macroscopic pedestrian flow for the design of crowd control measures for public transport after the occurrence of special events [18] . However, in practice, passenger control measures are, more extensively, divided into three levels, namely, the station level, the line level, and the regional level [19] . At the station level, only oversaturated stations have these kinds of measures applied, such as passenger control on the platform, stairs, or at the entrance to the station, which is helpful for limiting the number of passengers on the platform but is not effective for achieving rapid evacuation. At the line and regional level, control measures are also applied to other stations where appropriate, to relieve the traffic pressure on a particular station in an emergency situation. Unfortunately, detailed strategies for this method have not been proposed yet. For example, there are no further researches concerning which stations should be controlled and how many people are allowed in. This will be addressed in the present study.
To disperse traffic pressure on an oversaturated station and allocate the transport capacity rationally, this paper proposes a programming model to determine the control parameters in specific stations and to show the effect of collaborative control measures. In the modeling process, the following issues are addressed: (1) analytical formulations for computing passenger delay over the entire line; (2) analysis of passengers' alighting and boarding procedure; and (3) optimal solutions considering the delays to all passengers.
The remainder of this paper is organized as follows. The overall problem statement and assumptions are presented in Section 2. In Section 3 we construct a programming model for passenger flow optimization. The numerical analysis of the model for verifying the rationality of this model is presented in Section 4, where the sensitivity analysis is conducted to illustrate how the key factors influence passengers' delay in the related stations. In the last section, we draw conclusions and discuss some potential research topics for the future.
Problem Statement
This study deals with an urban rail line on which station M suffers the occurrence of mass passenger flow. Passengers gather with a common purpose, which makes the quantity and whereabouts of people entering station M predictable. In this paper, we consider the mass passenger flow to occur in one direction, with passenger volume . As is shown in Figure 1 , there are stops before station M. Besides the passenger flow control in station M, we take control measures on the preceding stops as the mass passenger flow enters station M, which will reduce the number of people who can get on the train until all passengers in station M have been evacuated.
In the actual control process, what station managers want to know is the proportion of passengers moving onto the platform, as well as the duration for which traffic is limited, so that they can take measures including restricted access at the entrance and on the passages, escalators, and so forth. Therefore, the decision variables in the model are the number of passengers moving onto the platform in a particular period during the time for which traffic is limited, which is set to , and the number of time periods .
Several points should be noted.
(1) This paper considers mass passenger flow in a certain direction of a rail line, while it may occur in both directions or even across several lines in reality. However, passenger flow in each direction and for every line can be calculated, so the model is applicable to such realities. (2) The passenger control measure is also taken in station M, but is not considered in this model, because it is only helpful for limiting the number of passengers moving onto the platform and not for evacuating rapidly and decreasing the delay. However, once the number of people boarding at station M has been obtained using this model, it will help to determine the entry rate to the oversaturated station. (3) Obviously, the earlier the measures are taken, the more rapidly the emergency will be processed. Therefore, the program will be started as soon as the mass passenger flow begins. (4) As the passenger flow in a metro station changes periodically in coordination with the train departure intervals, the entire evacuation time is divided into periods that begin with the departure of the previous train and end with the departure of the next.
In order to facilitate the model formulation, other assumptions used throughout the paper are as follows: (1) for each rail transit (except at station M), the number of passengers moving onto the platform in unit time throughout the control process is certain, including the number of people arriving at or transferring at the station; (2) during the time for which traffic is limited, the train departure interval is held constant; (3) the total number of passengers in the unusually large flow (termed here the outburst flow) in a certain direction is predictable.
Modeling

The Basic Idea.
In period , when a train is running on the line, the maximum conveying capacity, that is, the maximum number of people who can be transported per unit of time, is constant. Considering the general case, let the stops ahead be equivalent to one, and when the train arrives at station M and passengers get off, let the number of people on the train be , the number getting onto the train be , and the maximum conveying capacity of the train be . The following equation is clearly established:
In the control case, when the train arrives at station M and passengers alight, let the number of people on the train be and the number boarding the train . Therefore, similarly,
Whether we limit the passenger flow or not, the maximum conveying capacity of a train is constant, but the key is the adjustment to the values of and . Thus, the state of the whole line under the impact of an outburst in traffic will be used to achieve the overall optimum. As for the specific control scheme, the main idea is shown in Figure 2 , and the model will be expanded accordingly.
As is shown in Figure 2 , there are mass passenger flows occurring in the target station M which result in the passenger delay of the whole line. We divided stations in the line into three groups, namely, stations before M, station M, and stations after M. To minimize the passenger delay of the whole line, collaborative passenger control measures are conducted in stations before M and station M during the evacuation process, in which we pay attention to passengers stranded, alighting, and boarding. In the course of passenger control, there are some constraints including conveying capacity of train, the number of delivered of passengers, controlled passengers, and the length of passenger control time. In addition, the capacity of the target station is considered as a restrictive condition. However, it is a parameter for calculating the passenger entry rate in the target station according to the number of boarding passengers. 
Analysis of Passenger Delay.
The most direct consequence of a large passenger flow is the passenger delay, which is what this model aims to minimize. To analyze the impact on passengers, the entire line is seen as a system. Under passenger control of the preceding stops, passenger delay caused by the outburst in passenger flow is generated at all stops along the line. Meanwhile, without passenger control, passenger delay is generated at stops from M to the terminal. If > , it will make sense to control the passenger flow of the preceding stops. Therefore, the model aims to minimize the passenger delay of the whole system.
In the situation where the traffic must be limited, the passenger delay is divided into three parts, which are labeled 1 , 2 , and 3 respectively. In this study, 1 is defined as the delay time for the passengers in the stations before the target station, which will be expected to increase during control; 2 is defined as the delay time for the passengers in the target station, which will be expected to decrease during control; 3 is defined as the delay time for all of the passengers in the stations after the target station, which is influenced by the large passenger flow and passenger control measures.
For the preceding stops, and are defined as the number of passengers boarding the train at station in period under normal and control circumstances, respectively, as the train departure interval, and as the number of periods over which the passenger control occurs. Then, the passenger delay at the preceding stops can be expressed as in the following equation:
For station M, let be the number of passengers boarding the train in period under control circumstances. Then, the passengers' delay at station M can be expressed as in the following equation:
For the stations after M, of which there are , let and be the number of passengers boarding the train at station in period under normal and control circumstances respectively. Then, the passengers' delay at the stations after M can be expressed as in the following equation:
3.3. Analysis of Passengers' Alighting and Boarding. During the evacuation process, the state of a station changes as passengers alight and board. Take the preceding stops during normal circumstances as an example. The number of passengers boarding equals the minimum of the number of passengers on the platform and the surplus capacity of the train. In the early stages of a given period, the number of passengers stranded equals the number of people remaining when the train left in the previous period, and the number of people on the train depends on the number of people already aboard at the previous station, and the numbers alighting and boarding. The above procedure can be expressed as in the following equation:
where, denotes the number of passengers boarding the train at station in period ; denotes the number of passengers stranded at station in period ; denotes the number of people on the train at station in period ; denotes the number of people moving onto the platform in a given period at station ; denotes the maximum conveying capacity of the train; ℎ denotes the off-rate of station , which means the rate at which passengers alight from the train.
The calculation can be conducted in a similar way when it comes to the process during the control situation and for the stations from M to the terminal. However, because the functions contain a recursive process, it is necessary to set initial values. Obviously, the number of people on the train at the origin stop is zero, that is, 1 = 0. In addition, the numbers of passengers stranded on the platform in all of the stations are also needed.
Constraints and Objective Function
Conveying Capacity Constraints.
As expressed in (7), the number of people boarding at station M can be no more than the surplus capacity of the train:
where and denote the number of passengers on and boarding the train at station in period under control circumstances, respectively, and denotes the off-rate in station M.
Passenger Delivery Constraints.
As (8) shows, the outburst of passengers needs to be conveyed within the periods:
where M denotes the number of passengers stranded at station M in the first period, and denotes the number of people moving onto the platform in a given period in station M, besides the outburst of passengers.
Constraints to Passengers Moving onto the Platform.
Based on the effects of this model, the number of passengers moving onto the platform at the preceding stops under control circumstances should not exceed that in normal conditions, as (9) shows:
Constraints on the Length of Time for Which Passenger
Controls Are Imposed. Two extreme cases are envisaged. Firstly, all passengers at the preceding stops are prohibited from moving onto the platform. In this case, the outburst of passenger flow can be conveyed as quickly as possible. Let the number of periods be min . Secondly, the preceding stops proceed without control measures. In this case, the outburst of passenger flow will take the longest amount of time to be conveyed. Let the number of periods be max . The corresponding function is shown in the following equation:
Objective Function.
The goal of the model is to minimize the average passenger delay across the whole line, which is represented by in the following equation:
The latter part of the formula denotes the number of passengers affected across all the stations on the line throughout the process. Respectively, and 1 are the number of people moving onto the platform and stranded at stations before M, while and 1 have similar meanings for the stations after M. Meanwhile, 1 represents the number of people stranded on platform at station M.
Numerical Analysis
A Simple Case.
We present a simple case with an urban rail line on which a station named M suffers from an outburst of passenger flows in a certain direction, numbering 8000 people. Control measures at the preceding three stops are taken to provide greater conveying capacity for station M. In this case, the train departure interval is set to 5 minutes using data from the thesis [20] which researched on passenger flow forecasting of urban rail transit, and the maximum conveying capacity of train E is 1500 according to the thesis [21] which concerned about the issue of optimal deployment of passenger capacity. At station M, the number of people moving onto the platform in one period during normal circumstances, = 300, the off-rate = 0.3, and the number of passengers stranded on the platform is 50. Other input data are given in Table 1 . The remaining data are assumed basing on the passenger flow data in the research [16] which simulated passenger flows on urban rail transit platform.
For the stations after M, the input data are given in Table 2 . The resulting passenger control parameters are listed in Table 3 , as obtained using LINGO, which shows that taking passenger control measures reduces the delay and the evacuation time and demonstrates the feasibility of this model. Table 4 shows the change of the three kinds of delays under control and without control. Compared to the situation without control, Delay of passengers under control in stations before M increases 6.8 min averagely, while it decreases 8.2 min and 1.3 min averagely in station M and stations after M, respectively. Delay of passengers in station M decreases significantly under control. For the preceding three stops, the number of people moving onto the platform in one period under control compared with normal circumstances is shown in Table 5 . In this case, stations 1 and 2 are proceeding without passenger control measures, while station 3 allows 7% of passengers to move onto the platform. The station managers are assumed to take appropriate measures aimed at minimizing the passenger delay over the whole line. The description and main results are shown in Figure 3 .
Sensitivity Analysis
Sensitivity Analysis of Key Factors.
In this part, sensitivity analysis will be conducted on the model to identify the factors that have the greatest impact on the line in terms of passenger delay. The model shows that the main factors affecting the delay are the departure interval and the maximum capacity of the train, and the number of passengers arriving at the stations before M. Sensitivity analysis of these three factors is carried out to enable optimizing strategies to be proposed. We observe the changing trend of average passenger delay first of all. As shown in Figure 4 , factors including departure intervals of the train and number of passengers arriving at the stations before M decrease with a rate of Δ = 5%, which makes the passengers' average delay, represented by the value of the ordinate, decrease gradually. However, as the decrease of maximum conveying capacity of train, delay increases. The whole figure shows the greater impacts of the departure interval and maximum conveying capacity of the train. Therefore, to further optimize the average passenger delay, the following strategies are expected to be effective. (1) On the basis of normal station operations, the departure interval of trains should be shortened moderately.
(2) Larger trains should be used to increase the carrying capacity.
Time-saving rate represents the ratio of average saving time of passengers on the line with control measure to the delay time without control. Figure 5 shows that time-saving rate is essentially unchanged with the decrease of departure interval while it decreases as conveying capacity of train decreases and increases as passenger flow decreases. In the analysis, the maximum saving time could be up to 2.52 min under the condition that departure interval is 5 min, conveying capacity of train is 1500 and the number of passengers arriving at stations before M is 100, 200, and 150, respectively.
Sensitivity Analysis of Controlled Stations.
To probe the characteristics of controlled stations, sensitivity analysis is conducted to observe changes in the entry rates, the rate at which they are allowed onto the platform, at the three stations before M during optimal situations, by increasing the mass passenger flow at station M and adding stations before M. The results are shown in Figures 6 and 7 . From Figure 6 , we find that the closer a station is to M, the lower will be the arrival rate, which means that 7 stations near to M should take more control measures. More specifically, the stations further away from M are controlled only if passengers are forbidden to enter the nearer stations. This conclusion is more obvious in Figure 7 when the number of stations before M is increased gradually. When the collaborative passenger control program is conducted to relieve the pressure of the outburst of passenger flow, closer stations should take action first, which will help to reduce the delay.
Conclusions
Focusing on a station with an outburst of passenger flow, this paper presents an integer programming model that aims to minimize the passenger delay integrally and evacuate passengers as soon as possible by taking control measures at other appropriate stops. Based on the analysis of the passengers' delay across all stations and the process by which passengers alight and board trains, the relationship between stations as well as periods is clarified. Taking average passenger delay as the objective, the proposed model disperses the pressure on an oversaturated station among other stations, achieving the optimal state of the entire system.
This model has been successfully tested through a case study, and the results show that the proposed method can effectively solve the passenger control problem of an urban rail line with an outburst of passengers. Furthermore, sensitivity analysis of the model has been conducted. Firstly, we identified the factors having the greatest impact on the line in terms of passenger delay, under passenger control conditions, the results of which showed that the departure interval and maximum conveying capacity of the train were the most influential. Secondly, we probed the characteristics of the controlled stations, showing that stations near to the one experiencing the outburst should take the lead in implementing control measures. This is of practical relevance for station managers. A future study will consider passenger control methods in the case of more than one oversaturated station.
The method can be put into effect in practice. Specifically, when a station suffers large passenger flow in the case of an emergency, passenger control measures are taken in the upstream adjacent stations. This model can be applied to identify the number of passengers being allowed to enter the platforms and the entry rates of the controlled stations. The passenger control in a station can be realized through placing barriers in the station channels, reducing the number of ticket-checking gates or even temporarily closing the station. These measures are supposed to be taken coherently according to the number of controlled passengers.
Additionally, there are also other approaches in practice to manage the traffic in urban rail transportation, such as price control. Compared to passenger control measure, price control is inclined to affect travel demand of passengers for whole network, which is more appropriate for long-term effect of balance traffic distributions between rail lines or between rail networks and road networks. The two methods can be combined for both dynamic management and demand adjustment of passenger flows in the urban rail networks.
It should be noted that since the numbers of passengers in the controlled stations are restricted, the passengers' delays would increase to a certain degree, which may lower the levels of service for the controlled stations. However, through adjustment of passenger traffic distribution in stations and rail network, the passenger control countermeasure can relieve the imbalance of passenger flows. From the perspective of safety, the passengers in the target station that suffers large passenger flow can be evacuated more rapidly, which reduces the possibility of accidents caused by overload of stations' facilities. From the perspective of system optimization, the average delay for all passengers in the rail network will be significantly reduced.
